Introduction
Power lines offer broadband communication in an affordable way; however, power distribution systems are not designed to carry high frequencies. Unmatched loads and joint points cause a multipath propagation and a frequency selective fading [1] . Power line communication (PLC) channels cause a strong inter symbol interference (ISI), and therefore an expensive equalizer may be needed for a PLC modem. Fortunately, an orthogonal frequency division multiplexing (OFDM) can be used to convert a frequency selective channel to many parallel flat fading channels [2] . Therefore, a single tap cheap equalizer can be enough for a PLC modem through the use of OFDM. The noise in PLC systems has different properties in comparison with conventional communication systems. Especially an impulsive noise in the PLC can take very large amplitude values. A frequency selective fading and the noise can degrade performances of PLC systems significantly [3] .
Diversity methods have been used to overcome negative effects of fading in wireless communications. The diversity methods need uncorrelated or at least low correlated channels [4] . The PLC systems have the capability of using multiple lines to obtain uncorrelated channels [5] . The channel behaviors of these multiple lines can be almost the same [6] . Therefore, space diversity methods are not sufficient for power lines. However frequency and time domain can be used to get a diversity gain for the PLC [7] , [8] .
Space-time block coding, which is a space diversity method, has been used to employ transmitting diversity for wireless systems [9] . Space-time block coding can be used in a different manner to achieve the time and frequency diversity for PLC systems [8] . On the other hand, the PLC systems are also suitable for using both transmitting and receiving diversity methods. Maximal ratio combining (MRC) can be applied easily to provide diversity gain in PLC systems [7] .
Detection complexity, data transmission rate and the cost are the key factors that should be taken into account during a diversity method design. If a diversity method needs detecting symbols jointly, it causes increase of detection complexity. A space-time block coding can provide only second order transmit diversity without causing data rate loss or increasing detection complexity [10] . Second order space-time block code named as Alamouti code is the first space-time block code [11] . Constellation rotation can employ second order of transmit diversity without an increase in a detection complexity [12] and also provide time, frequency or space diversity [13] . If constellation rotation and space-time block coding are used together, a fourth order of diversity can be employed without increase in detection complexity [12] , [13] .
The proposed systems are aimed to be used for a single phase low voltage cable consisting of three wires. Two independent differential signaling can be used via feeding three of the possibilities: Phase-neutral, phase-protective earth and neutral-protective earth. In this study, the diversity method, which is proposed in [13] applied to OFDM based power line communication. Both receive and transmit diversity applications of diversity method in [13] are showed for OFDM based PLC. The proposed systems are compared with space-time block coding applied and maximal ratio combining applied OFDM based power line communication systems in the literature. The proposed systems are able to obtain second order frequency and second order time diversity without increasing detection complexity or causing data rate loss. On the other hand the systems proposed in [8] and [14] cause data rate loss. Therefore, the proposed systems are referred to as rate 1 and the systems in [8] and [14] as rate 1/2. According to simulation results, the proposed systems have more diversity order than space-frequency methods and more gain than space-time-frequency diversity methods in the literature. This paper is organized as follows: In Sec. 2, the power line channel and impulsive noise models are described. In Sec. 3, the system model and applications of full rate space-time-frequency methods for power line communications are presented. In Sec. 4, simulation results and in Sec. 5, some conclusions are given.
Notation: Bold characters are used for vectors and matrices, * denotes the complex conjugate, X| denotes magnitude or Euclidean norm of vector X, diag(X) denotes a diagonal matrix where the diagonal entries are elements of X, PLC denotes power line communication, STF denotes space-time-frequency, SF denotes space-frequency, MRC denotes maximal ratio combining and AWCN denotes additive white class A noise.
The Power Line Channel and Noise Model
There are two approaches to model a power line channel which are namely the top-down and the bottom-up approaches. The bottom-up approach models the channel behavior via characteristics of components in the network [15] , [16] . However it has a computational complexity. The top-down approach has the parameters that are obtained by the measurements and this approach has less computation complexity. In this study, a PLC channel model, obtained by a top-down approach, is used. A deterministic PLC channel frequency response was obtained by the top-down approach in [1] and it is given below:
where N p , g i , a 0 , and a 1 , d i , v p denote number of paths, weighting factor of path i, attenuation terms, length of path i and the speed of electromagnetic wave in the wire, respectively. On the other hand, a PLC channel can change with time due to time variant loads or topology changes. Therefore, the channel model should include randomness. A top-down random channel generator proposed in [17] is used for the simulations. The random channel model can be represented as given below:
where B, a 0 , a 1 The broadband characteristics of PLC channel was measured up to 100 MHz and reported in [18] . According to the measurement results in [18] , 9 classes of PLC channels were defined and the class 3 channel was reported as more probable to occur. In this paper, class 3 channel parameters are used in simulations. Table 1 shows parameters to use channel model for class 3 channels [17] . On the other hand, b 0
8 m/s and K 2 = 0 are the values that were used as fixed parameters in the channel model [17] .
Power lines have five different noise sources [3] which are denoted as: colored background noise, narrowband noise, periodic impulsive noise asynchronous to mains frequency, periodic impulsive noise synchronous to mains frequency and asynchronous impulsive noise. In this study, it is assumed that noise is impulsive and a Middleton Class A noise model is used in the simulations [19] . The probability density function (PDF) of Middleton Class A noise is given below.
The parameter A is named as impulsive index. If A becomes larger, the PDF of noise converges to Gaussian. On the other hand, if A becomes smaller, noise characteristics converge to impulsive noise. The 
The System Model
A broadband PLC system is considered so that the PLC system uses OFDM to reduce inter-symbol interference. After removing cyclic prefix and applying Discrete Fourier Transform, the receive vector of the system is stated as below:
where
[k] denote transmitted symbols and the channel coefficients, respectively, H t denotes channel matrix and t denotes time instant. If the carrier frequency is f c and subcarrier spacing is Δf; the channel coefficients can be written as follows:
) ( f H t can be obtained by using (2) . The noise vector is denoted by N and can be written as follows: (8) where It is assumed that two transmit channels are employed by using multiple conductors in the power line and therefore a low voltage power cable consisting of 1 phase, 1 neutral and 1 ground wires is assumed. Two of the wires can be used to transfer data simultaneously and the other can perform as a return path. The channel coefficient be- 
According to the average channel attenuation and the simulation model toward high frequencies, channel attenuates more as shown in Fig. 1 . Therefore, symbols are flipped to transmit them both by higher and by lower frequencies to obtain the frequency diversity gain. The channel matrices for the proposed systems can be written as follows:
      
where T denotes symbol period. It is assumed that the channel is changed in mT seconds or mT is bigger than the coherence time of the channel which provides acquiring time diversity gain. Each of the symbols is transmitted by four different subcarriers in two distinct time slots to obtain time and frequency diversity. Rotated QPSK constellation is applied in the simulations. The major advantage of a rotated constellation is the identifiability of the symbols by their real or imaginary parts. The rotated constellation is obtained by multiplying each of the constellation points by exp(jϕ). The phase angle ϕ = 30° value is used in the simulations.
S iR,k , S iI,k denote k th transmit symbols, where i = 1, 2. The transmit symbols obtained as follows:
and S 4 [k] denote four independent symbols which are elements of rotated QPSK constellation. The transmit symbols are transmitted through four channels.
In this study, two systems are proposed to obtain space-time-frequency diversity while keeping the transmission rate full. The proposed systems are named as proposed system-I (PS-I) and proposed system-II (PS-II). The proposed systems are compared with SF and STF diversity applied power line communication systems which are given in [5] and [8] , respectively. As Alamouti coding is in use, the receive vectors of the SF diversity system is indicated as given below. 
. (17) The receive vectors of the SF diversity during the MRC used are given below.
The proposed systems are also compared with rate ½ STF diversity systems. The receive vectors of rate ½ STF diversity system with Alamouti coding used is indicated as given below. 
The receive vectors of rate ½ STF diversity system with the MRC used are indicated as follows. 
(27)
The Proposed System-I
Alamouti coding and constellation rotation are used together for the proposed system-I (PS-I). The receive vectors of the proposed system-I are given below, 
S
is made as following: AWCN denotes Middleton's additive white class A noise and ML detector denotes maximum likelihood detector. The proposed system-I includes all of the blocks in Fig. 2 . However conventional systems do not include the dashed line block in Fig. 2 . Alamouti Space-Time & Frequency Encoder in Fig. 2 encodes symbols to obtain; rate-1 spacefrequency, rate ½ space-time-frequency or the proposed rate-1 space-time-frequency diversity.
The Proposed System-II
Space-time block coding was proposed to reduce size and power consumption of mobile receiver in wireless communication. Besides, power-line communication receiver has more flexibility on the size and power consumption. Therefore MRC can be used instead of Alamouti coding in PLC systems. MRC has 3 dB more gain than Alamouti coding in wireless systems [11] . However the need of two transmitters for both of the Alamouti coding and MRC in PLC systems cancels the 3 dB gain advantage of MRC. Rotated constellation and maximal ratio combining are applied in the proposed system-II.
PS-II includes all of the blocks in Fig. 3 . The main difference between the PS-I and the PS-II is clearly observed at the maximum likelihood detection stage. Distinct distance calculators are needed for each of the two wires for the MRC. Besides, while Alamouti coding is used, distance calculations and the decision are made after the linear combiner, and therefore there is no need of using a distance calculator for each of these two wires. The receive vectors of the PS-II are given below. transmitting 4N symbols in 4T seconds and the proposed system-II provides transmitting 2N symbols in 2T seconds, hence there is no data rate loss. Conventional systems do not include constellation rotation and symbol merging block in Fig. 3 . MRC Space-Time & Frequency Encoder in Fig. 3 encodes symbols to obtain; space-frequency, rate ½ space-time-frequency or the proposed rate-1 space-timefrequency diversity.
Simulation Results
In the simulations, σ 2 is normalized to 1/(2SNR) per complex dimensions and the rejection method is used to map a uniform random variable to Middleton Class A random variable [20] . The Γ and A values for Middleton Class A random variable are equal to 0.1 and used m values are 0, 1, 2, …, 9. The OFDM parameters are f c = 30 MHz, Δf = 1 kHz, N = 1024. The channel is assumed as being known at the receiver. 4-QAM and 16-QAM constellations are used for rate 1 and rate ½ diversity methods respectively to keep transmission rate equal to each other. Figure 4 shows the SNR-BER performances of rate 1 diversity methods that applied to power line communication. Because of the proposed systems yielding both frequency and time diversity, they have higher order diversity level than space-frequency diversity applied systems. Hence, the BER value decreases exponentially with diversity order and SNR; the gain advantage of the proposed systems can be expected to increase more by SNR level. Since constellation rotation causes to carry information by amplitudes in two complex dimensions, it has an error disadvantage compared to non-rotated QPSK constellation. Therefore the second order diversity (space-frequency Alamouti and space-frequency maximal ratio combining diversity) applied systems have a gain advantage over the proposed systems as SNR level under 12.5 dB. However owing to higher order diversity level, the proposed systems have an increasing gain advantage as the SNR level above 12.5 dB. Figure 5 shows the SNR-BER performances of fourth order diversity methods for power line communication.
The proposed systems have a transmission rate advantage over the other fourth order diversity systems. In order to make transmission rate equal to each other 4-QAM and 16-QAM constellations are used for the rate 1 STF and rate ½ STF diversity systems respectively. The proposed systems can have more than 6 dB gain over the other STF diversity systems (rate ½ STF Alamouti and rate ½ STF maximal ratio combining).
Conclusions
Applying fourth order full rate space-time-frequency diversity methods to indoor power line communication is showed in this paper. Yielding STF coding as transmit and receive diversity for PLC are presented. The proposed systems are simulated for PLC channel and impulsive noise conditions. The proposed systems are compared with other space-frequency and STF coding is applied power line communication systems under same conditions. According to simulation results, the proposed systems need a threshold SNR level to have a gain advantage over SF system. However, the BER value decreases exponentially with diversity order at high SNR levels. Therefore, owing to the higher order of diversity level, the gain advantage of the proposed systems is expected to increase more against SF systems by SNR. The proposed systems keep data rate full without increase in detection complexity. The performances of proposed full rate STF coded; receive diversity system (PS-II) and transmit diversity system (PS-I) are similar to each other. However, the cost of transmitting and receiving units may differ from each other. The other STF diversity applied PLC systems in the literature reduce data rate to half and therefore the proposed systems can be referred to as rate 1 and the other STF systems can be referred to as rate ½. The proposed STF systems can have 6 dB more gain than the rate ½ STF techniques by using transmission rate advantage. On the other hand if the transmission rates are reduced to half by transmitting twice the transmit symbols, the diversity order can be increased twofold with the proposed systems.
